INTRODUCTION
The nonlinear excitation of plasma waves by beating between two electromagnetic waves has a wide range of applications in plasma physics, including plasma heating ' 9 2* , plasma diagnostics 4. I, ionospheric plasma studies and modification c6], acceleration of electrons C 7 9 8 1 . Main attention is focused on the amplitude of the excited plasma waves [ . The variation of pump waves is usualy neglected although energy is partially transferred from one electromagnetic wave with higher frequency o, to the other with lower frequency w, and plasma oscillations with frequency, w = w,w, , near electron plasma frequency w,. As a result, the higher frequency wave loses energy and therefore is depleted. We present here the first experimental observation of pump wave depletion appearing during resonant plasma wave excitation by nonlinear mixing of two electromagnetic waves. A simplified theoretical model describing the space-time evolution of both electromagnetic and plasma waves is in good agreement with experimental data. We also derive approximate expressions for the amplitudes of plasma waves and for the depletion of the higher-frequency pump wave.
The experiment is performed in a large volume ( -0,8 m3) of unmagnetized plasma, created in a cylindrical multipolar with following parameters: electron density n , , = 1,7.lOU ~m -~, neutral ( Ar ) density -1013 electron temperature T, = 3 eV , electron-ion collision frequency v, -106 s-', electron-neutral collision frequency v , = 106 s-' . The electromagnetic waves are launched in the chamber by small horns (Fig. 1) . One of them, with lower frequency 5,6 GHz (o, = 3,53. 101° s-') and pulse duration 7, = 1,25 ~s , is introduced along the chamber axis. The other wave with higher frequency 9,3 GHz (o, = 5,86 .1010 s-') has a pulse duration 7, = 1,Sps and is injected at 30' inclination with respect to the axis of the chamber. The peak power for both waves is near 200 kW.
The amplitude of the electric fields of both electromagnetic and plasma waves, as well as the electron density are measured with a small = 2,O mm) situated at a distance -40 cm from side wall and at a distance -50 cm from front wall of the chamber. The measurements of electron density are done approximately 1 ps before the high frequency pulse. For this the probe is biased at a potential + 10,s V above the plasma potential. The high frequency fields in the plasma are detected by a non polarized probe. The signal is splitted and then the use of narrow frequency filters, followed by quadratic detectors, allows to measure separatly the amplitude Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1995614 plasma wave amplitude on electron density is seen.
~h~ temporal variation of the square of electric Figure 2 : Dependence of the normalized amplitude of plasma wave on the normalized plasma density.
field both for microwave pulses and for plasma of the electric field of each wave. The absolute value of the electric fields of electromagnetic waves in the plasma is estimated on the basis of ion-sound waves excitation by the action of ponderomotive forces produced by a standing electromagnetic wave [ l1 I . As result we evaluate the amplitudes of both h€ waves as El, -b0 -4 a 6.104 Vlm and the effective coefficient of reflection from the walls of the chamber is approximately measured to be r -0,6.
Electron density variations, of the order of 10' in relative value, with temporal scale of the order of 5.1W3 s , arise due to the residual modulation of the power supplies of the multipolar discharge.
The amplitude of the detected plasma oscillations shows a sharp resonant dependence with electron density. Among the measurements of plasma waves amplitude with frequency w = o, -w2 = 2,3.101° s-' we take the one with maximum amplitude. We suppose that the electron density in this case is the resonant one. Normalizing the amplitude of plasma oscillations as well as plasma density to these resonant values, we obtain the points shown in --,~. . -, . ---c ---I ---7 -- where y = (v, + v,)/o , or = 2 /4mzolwzw2 .
To solve this set of coupled equations, (1)- (4) and (6)-(9), we suppose that in initial moment of time both electromagnetic and plasma waves are absent everywhere in region 0 S x S L. The two electromagnetic pulses Eli (t) and Ezi (t) are introduced in a plasma layer through the boundary x = 0 with some delay one with respect to another. The temporal variation of the amplitudes are taken to be in accordance with experimental data.
At the boundary x = 0 the conditions El(t) = Eli(t) + rE;(t) and &(t) = Gi(t) + rE4(t) are supposed to be valid. At the other boundary x = L we assume rEl exp(ik,L) = E, exp(-all) and rE, exp(ik,L) = E., exp(-ikzL) where the reflection coefficient r is taken to be real and the same for both electromangetic waves.
To model the experimental conditions we assume in our numerical calculations that the thickness of the plasma is L = 80 cm, the coefficient of reflection r = 0,5, ol = 6.101° s-' , w, = 3,5.1010 s-' , q, = Go, t, = 1 ps. Fig.4 shows the temporal variation of the normalized waveenergy density at frequencies wl (dark line), w, (dotted line) and w = wlwz (dashed line) calculated at the point x = 41 c m . All values are given in units of the peak incident energy density E1,2/83r where the ratio of the electron quiver velocity to the light velocity ( vlolc ), corresponding to the maximum of amplitude Eli (t) , is choosen to be 7,5.104. The mismatch and damping rate are taken to be A = 2.104 and y = 3.104 .
The comparison of experimental results in Fig.3 with the results of a numerical simulation ( Fig.4) allows to speak of a good agreement between them.
Having in mind the smallness of the depletion effect we are able to formulate simpIified considerations on Eqs.
(1) - (9) . The amplitudes of plasma waves, Epj , may be in quasistatic approximation (slat < v, opA) calculated by means of Eqs. (6) - (9) in which the amplitudes of electromagnetic waves Ej are determined by Eqs.
(1) -(4) with right hand sides equal to zero. As the result we find
where the values I E.,,, ,, I ' = I E l , ,, I [ 1 + r4 -21?cos(2k~,~L 1' ' determine the amplitudes of the electromagnetic waves inside the plasma taking into account the reflection from walls effects. With our experimental parameters the last term in square brackets of expression (10) is the major one and it is due to the short plasma wave.
The Eqs.
(1) - (4) and (6) in Eq. (12) the expression (10) and using the indicated above set of number we obtain
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which is in quite good agreement with results of the numerical simulations and of the experiment.
